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APOLLO MISSION D (AS-503/CSM-103/LM-3)
NAVIGATION ERROR ANALYSIS

C. L. Fletcher
and
F. W. Lipps
Navigation Analysis Section
TRW Systems Group

1. SUMMARY

An error analysis of simulated observations by Manned Space Flight
Network (MSFN) stations and the rendezvous radar has been performed in
order to determine the expected accuracy of both the ground and the
onboard orbit determination programs at specific times during the
D mission. Relative uncertainties in the CSM/LM position and velocity
vectors are presented in the interval from phasing to the end of the i
CSM/LM rendezvous. During the other phases of the mission, the MSFN |
is tracking either a docked configuration (CSM/LM or CSM/LM/S-IVB),
the LM, or the CSM. Estimated errors are presented at burn initiation
times during all phases of the D mission. i

During the rendezvous sequence, the maximum three-sigma uncer -
tainties (as defined in this study) in the estimated relative position and
velocity magnitude occur at the nominal time of terminal phase finalization
(TPF) and are 1.3 nautical miles and 8, 6 feet per second, respectively.

At initiation of the first service propulsion system (SPS) burn, the three-
sigma uncertainties in the position and velocity vectors of the CSM are

16. 88 nautical miles and 118, 1 feet per second, respectively. These large
uncertainties are due primarily to the venting of the Saturn IVB launch
vehicle. The three-sigma uncertainties at initiation of the remaining SPS
burns are considerably less than those uncertainties quoted for the first
SPS burn. The three-sigma uncertainties of the spacecraft position and
velocity at nominal time of reentry are 0. 46 nautical mile and 5. 19 feet
per second, respectively, In addition, the three-sigma uncertainties in
flight-path angle and speed are 0.09 degree and 1. 8 feet per second.




2. INTRODUCTION

The navigation analysis was conducted for the reference trajectory
described in Reference 1. The purpose of this analysis was to compute an
estimate of the accuracy with which the D mission trajectories could be
determined from the MSFN and onboard tracking data. This information
is used to support a dispersion analysis for the D mission which computes
an estimate of the fuel required and the expected trajectory variations.
The analysis simulates the results which would be achieved using the data
incorporation and filtering techniques which may be employed either
onboard or on the ground.

The computer programs used for conducting the analysis are
described below:

a) The TAPP IV program is the tracking program used to perform
the following required steps of the analysis:

e Generate an integrated trajectory which matches the refer-
ence trajectory described in Reference 1

e Perform a complete tracking simulation of the mission
including the generation of vehicle rise-set times and the generation of
tracking information matrices when given the tracking stations, their
associated data types and rates, and the trajectory

e Generate coordinate transformation and state transition
matrices

b) FASTAP 1 processes the several TAPP IV tapes and forms a
tape containing all information, state tran51t10n, and coordinate transfor-
mation matrices for the m1ss1on

c) MOFIT uses the information from the FASTAP 1 tape to com-
pute the accuracies using a linear error analysis technique

For the analysis, it was assumed that the ground orbit determination
scheme solved for three components of position and three components of
velocity for the vehicle being updated. The LM onboard orbit determina-
tion program also solved for three components of position and three com-
ponents of velocity and, in addition, the two rendezvous radar angle
biases. '

2.1 Error Model

The error sources considered in the generation of the ground track-
ing information matrices are the noise and bias on each data type, and the
uncertainties in the drag parameter, the vent acceleration, the gravitational
constant of the earth, and the station locations, The error sources for



onboard measurements include the noise and bias on each data type, plat-
form misalignment, platform drift, and the uncertainties in the drag para-
meter, the gravitational constant of the earth, and the position and velocity
of the CSM. Optimum data weighting was used in both the ground and
onboard orbit determination schemes. The onboard weighting matrix was
initialized at 3 days 22 hours 35 minutes, g.e.t., which is the time of the
first observation following the first ground state update. This weighting
matrix was reinitialized at 4 days 1 hour 40 minutes, g.e.t., the time of
the first observation following the second ground state update, These times
are also indicated in Figure 3. After each maneuver during the rendezvous
sequence, the real-world covariance matrix for the Lunar Module Guidance
Computer (LGC) estimate of the LM state is degraded to represent errors
of execution. The inertial measurement unit (IMU) is aligned twice during
the rendezvous sequence., The first alignment is at 3 days 22 hours

18 minutes, g.e.t.; the second alignment is at 4 days 1 hour 14 minutes,
g.e.t. Tables I and II list the one-sigma values of the systematic errors
and the noise values for ground and onboard data, respectively.

2.2 Tracking Data Descriptions

For this analysis, the selection of the stations used to simulate the
tracking was limited by the criterion that two or more unified S-band
(USB) stations cannot track the vehicle simultaneously. Therefore, at
times when the vehicle was visible to several stations, the station which
would view the vehicle for the longest time was designated to track., A
minimum elevation angle of 5 degrees was assumed for all ground based
stations,

The USB stations were used to track the CSM and docked configura-
tions and received two-way doppler and angle (X/Y) measurements at the
rate of one set of measurements per 6 seconds. The C-band stations
were used to track the LM and received range, azimuth angle, and eleva-
tion angle at the rate of one set of measurements per 6 seconds. When
available, three revolutions of tracking data were used to form a ground
update solution. During the periods when onboard tracking was simulated,
the LM rendezvous radar was used to provide range, range rate, shaft
angle, and trunnion angle measurements at the rate of one set of measure-
ments per minute.

2.3 Mission Description and Tracking Schedule
The description of the mission is discussed in three phases:
Phase I: Insertion to the docked DPS burn

Phase II:  Rendezvous sequence

Phase III: APS-1 burn to reentry



2.3.1 Phase I. - The simulated lift-off date for this analysis is
1 September 1968, 15 hours, Greenwich mean time. The docked configu-
ration is inserted into orbit and coasts until 2 hours 43 minutes 12 sec-
onds, g.e.t., at which time, the CSM and S-IVB/LM are separated; at
3 hours 33 minutes, g.e.t., LM withdrawal occurs. A ground update is
assumed sent from Antigua (ANG) at 3 hours 32 minutes, g.e.t., to deter-
mine an estimate for the first SPS burn. The update for the second SPS
burn is assumed sent from Canberra (CNB) at 21 hours 37 minutes,
g. e. t. ; for the third SPS burn from Guam (GWM) at 23 hours 10 minutes,
g. e. t. ; for the fourth SPS burn from Bermuda (BDA) at 1 day 2 hours
56 minutes, g.e.t.; for the docked DPS burn from CNB at 2 days 28 min-

utes, g.e.t. Figure 2 is a bar graph of the tracking schedule during
Phase I.

2.3.2 Phase II. - The rendezvous sequence begins with a phasing
maneuver at 3 days 22 hours 39 minutes 46 seconds, g.e.t. A ground
update for the phasing maneuver is assumed sent from Carnarvon (CRO)
at 3 days 22 hours 10 minutes, g.e.t., for both the CSM and LM. The
LGC updates this estimate with rendezvous radar data between maneuvers
of the rendezvous sequence. This estimate is replaced by a second ground
update which is assumed sent from Hawaii (HAW) at 4 days 1 hour 40 min-
utes, g.e.t., for both the CSM and LM. For the analysis, no MSFN or

rendezvous radar tracking was assumed between the midcourse correction
(MCC) and TPF maneuvers.

The data from the rendezvous radar consists of range, range rate,
shaft angle, and trunnion angle measurements which were taken at a rate
of one set of measurements per minute. Table III presents the one-sigma
values for the noise and bias on these data. Figure 3 is a bar graph of the
tracking schedule during Phase II.

2.3.3 Phase IIl. - The remainder of the mission consists of an
ascent propulsion system (APS) burn to depletion and three SPS burns end-
ing with reentry. C-band tracking for the APS burn began approximately
two revolutions prior to the maneuver time. The estimate for the LM
was based on the LGC estimate following the rendezvous sequence. No
update was assumed for the APS burn since the LM is unmanned and can-
not accept an update. Tracking began three revolutions prior to the ground
update for the fifth SPS burn. The update is assumed sent from CNB at
4 days 23 hours 48 minutes, g.e.t. There was no update assumed for the .
sixth SPS burn due to insufficient tracking prior to the maneuver. The
ground update for the SPS deorbit burn is assumed sent from Canary
Island (CYI) at 9 days 19 hours 41 minutes, g.e.t. There is no time for a
tracking update following the deorbit maneuver prior to reentry; however,
the ground stations continue to track the spacecraft. The uncertainties
calculated prior to the SPS deorbit burn are propagated to the nominal
time of reentry and are the reentry target conditions. The uncertainties
presented as the reentry ground estimate are calculated from tracking
information obtained after the SPS deorbit burn to the nominal time of
reentry. Figure 4 is a bar graph of the tracking schedule during
Phase III.



3. RESULTS

The values presented in Table IV for the uncertainties in the magni-
tudes of the estimated relative position and velocity vectors are defined
as three-sigma uncertainties. These values were calculated by taking the
square root of the sum of the variances of the three position components
and the three velocity components, respectively, and multiplying the
resulting values by three.

The three-sigma uncertainties in the three-position and the three-
velocity components are presented in Table V. These values are asso-
ciated with a Gaussian distribution with a zero mean. However, for the
rendezvous phase a non-zero mean was assumed in order to account for
the fact that the onboard orbit determination program does not use drag
in trajectory computations.

The covariance matrices in Table VI are presented at burn initiation
times. These matrices for the maneuvers during Phases I and III are
referenced to a u, v, w (orbit plane) coordinate system relative to the
CSM. During the rendezvous sequence, Phase II, the LM and CSM covar-
iance matrices and means are referenced to their respective u, v, w
(orbit plane) coordinate systems. The relative covariance matrices and
relative means are expressed with respect to the CSM u, v, w frame.

The LGC estimate of the LM is eight dimensional; the first two parameters
are the shaft angle and trunnion angle biases, and the next six are the
position and velocity components of the LM state.



4. CONCLUSIONS

As a result of the error analysis, the following conclusions were
reached:

a) The largest relative uncertainties are in the in-plane compon-
ents during the rendezvous sequence.

b) MSFN tracking reduces out-of-plane errors much faster than
the rendezvous radar.

Therefore, the a priori weights must be large enough so that incor-
porating rendezvous radar data after a ground update does not corrupt the
out-of-plane component, and at the same time, these weights should not be

so large that they hinder the ability to correct relative errors in the line-
of- sight direction.

c) The relatively large uncertainties for the first SPS burn result
from the dynamic systematic error associated with the vent profile docu-
mented in Reference 4. A vent uncertainty factor of 0. 1 (representing a

10 percent uncertainty in the nominal vent profile) was used in the
analysis.
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Table II. One-Sigma Values of Onboard Error Sources

K-factor or drag factor uncertainty: 0. 25 (represents 25%.
of nominal drag)
Uncertainty in gravitational constant of 1. 06x1011 (int f’r;)?’/sec2
the earth:
IMU - misalignment These values are classified,

but may be obtained from

. IMU - drift Reference 4.

Velocity Execution Errors 0. 2 ft/sec for each axis

Table III. One-Sigma Values for Rendezvous Radar

Noise Bias
80 _p 27 ft for p< 50 n mi
Range Max{ 3 300}ft 170 ft for p> 50 n mi
1.3 1.3p
Range rate Max 3 300 fps 0.3 fps
Trunnion angle 1. 0 mrad
Shaft angle - 1.0 mrad

* 3
These parameters were solved for in the differential correction.

20
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Table VI. Covariance Matrices (One-Sigma)

Format for Covariance Matrices

. T . O .

Ouu Ouv Ouw cJ.'l.‘l.u uv uw
T__. (o)

O'VV UVW o'VW vV vw
o) [o D) g c

WwWwW wua WV WWwW

Owa %uv  Cuw

symmetrical .. ..

o.VV O'VW

Odw

The coordinate system for the covariance matrices is described below:

u - in the direction of the geocentric radius vector of the
vehicle at the time of the event

v - orthogonal to u, pointing downrange in the orbit plane

w - mutually orthogonal to u and v, completing the right-
handed system.

The units for position and velocity are feet and feet per second, respec-
tively. The relative covariances are in the coordinates of the CSM. The
means presented for the CSM and LM-CSM are given in the coordinates
centered at the CSM while the LM means are given in coordinates centered
at the LM. The CSM and LM-CSM means are six-dimensional represent-
ing components of position and velocity given in units of feet and feet per
second. The LM means are eight dimensional; the first two components
refer to the angles and are in units of radians, and the remaining compo-
nents refer to position and velocity and are in units of feet and feet per
second.

The following pages (pages 27 to 50) present the covariance matrices and
means.
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